In this paper, an ultrasound tissue harmonic imaging method based on wavelet transform has been proposed. Wavelet transform is utilized to analyze the correlation between mother wavelet and the received echoes. In order to obtain a better correlation, a new mother wavelet named 'Tissue wavelet' is constructed according to the KZK equation. The proposed method was validated by experiments performed on an ultrasound flow phantom. Results showed that the contrast and axial resolution have been improved effectively.
INTRODUCTION
Medical ultrasound diagnosis has become an important technique in clinical medical diagnosis because of its non-destructive, simple and economic advantages. Harmonic imaging technique, which uses the characteristics of nonlinear echo components produced by ultrasonic propagation in biological tissues (mainly Second harmonic), can effectively improve the spatial resolution of the image, reduce artifacts, improve the quality of deep tissue imaging.
However, since the sound attenuation is proportional to the square of the frequency, the harmonic signal is usually weak. At the same time, image resolution and contrast are limited because of the background noise interference, harmonic spillover of the system itself, aliasing of echo signals caused by narrowband ultrasonic detection.
Conventional Tissue Harmonic Imaging (THI) method use band-pass filter to extract harmonic components from the received echoes. However, due to the bandwidth and quality factors of the filter, the actual effect is not satisfactory. At the same time, in order to reduce the aliasing and crossover of the fundamental frequency，the transmission pulse bandwidth is required to be as narrow as possible, resulting in a decrease in the spatial resolution of the ultrasonic image.
In this work, a novel imaging method, Tissue Harmonic based Wavelet transform Imaging (THWI), is proposed in order to improve the resolution and contrast of tissue harmonic imaging. 
METHODS AND MATERIALS

Basics of Tissue Harmonic based Wavelet transform Imaging (THWI) Detection Technique
In conventional Tissue Harmonic Imaging (THI) mode, received echoes are detected at twice the transmission fundamental frequency, using appropriate filters in the frequency domain. We can write:
Where E (t) represents the summed echoes at receive. E T (t) and E N (t) represent the receiving echoes from tissues and background noise respectively.
CWT is a mathematical tool which in definition is a convolution of signal analyzed with a set of functions generated by the mother wavelet.
The performance of CWT is improved by utilizing more adapted mother wavelets. The choice of mother wavelet is the first issue that must be addressed when using WT since different mother wavelet can draw out different characteristics of the signals.
In this paper, CWT is utilized to analyze the correlation between mother wavelet and the received echoes:
Because of the linearity of CWT, we obtain
It can be seen from the equation that E T (t) can be enhanced while E N (t) be suppressed at the same time by CWT process if the power spectrum of the selected mother wavelet is well-matched with the echoes of tissues.
THWI Algorithm and Construction of Tissue wavelet
THWI can be implemented in four steps: 1. Select an appropriate mother wavelet based on the principle that the power spectrum of the selected mother wavelet should be well-matched with the echoes of tissues.
2. CWT is utilized to analyze the correlation between mother wavelet and the received echoes respectively. The maximal one of the transformed wavelet correlation coefficients is thus obtained at an appropriate scale.
3. Wavelet correlation coefficients at this scale are selected to replace the original received echoes.
4. The echoes replaced by the wavelet correlation coefficients are used to obtain a beam to differentiate echoes of tissues and background noise.
The post processing producer include log-arithmic compression, coordinate transformation and gray-scale scan conversion.
The model used to construct tissue wavelet is obtained from numerical solutions of the Khokhlov-Zabolotskaya-Kuznetsov (KZK) nonlinear parabolic wave equation. The choice of parameters in the equation, such as the transmitted phases, the acoustic pressure, and frequency and so on are dependent on a specific experiment.
In order to demonstrate the efficacy of the bubble wavelet, Morlet (Morl) wavelet, which are widely used, were employed to compare with tissue wavelets.
Materials
A Sonix TOUCH ultrasound scanner (_6 dB bandwidth 2-10 MHz; Ultrasonix Medical Corp., Richmond, BC, Canada), equipped with a 128-element linear transducer (L14-5/38 probe, 7.5MHz center frequency, 65% bandwidth) was used to record RF data for offline analysis. Matlab (Mathworks, Natick, MA) was used to analyze the data.
To verify the efficacy of the proposed method, experiments were carried out on a standard ultrasound phantom (KS107BG, produced by Institute of Acoustics, Chinese Academy of Science).
RESULTS
Figure 1 shows results of axial resolution using Tissue Harmonic Imaging (THI), Tissue Harmonic based Morlet transform Imaging (THMI) and Tissue
Harmonic based Wavelet transform Imaging (THWI), from left to right, respectively. The imaging target is the Nylon line group which embed vertically in the standard ultrasound phantom. The center distance between two adjacent lines is 10mm. It can be seen from the results that axial resolution is improved effectively by utilizing wavelet transform. Tissue wavelet performs better than Morlet wavelet. Figure 2 shows results of horizontal resolution using THI, THMI and THWI, from top to bottom, respectively. The imaging target is the Nylon line group which embed horizontally in the standard ultrasound phantom. The center distance between two adjacent lines is 10mm. comparing the results using three imaging methods, horizontal resolution is almost the same. Figure 3 shows results of contrast using THI, THMI and THWI, from left to right, respectively. The imaging target is the mimic cysts structure in the standard ultrasound phantom, which has a diameter of 4mm. Images using THWI show a best contrast compared to THI, THMI.
The dynamic range of images of figures 1-3 are set to 60dB. 
DISCUSSION
The admission property is an important characteristic for the CWT. Theoretically, an arbitrary function satisfying the admissibility condition of wavelet may be used as a mother wavelet.
Tissue wavelet constructed in this paper do not satisfies the admission condition. However, Tissue wavelet can be utilized in wavelet transform because the inverse wavelets transform (IWT) is not necessary. We do not desire to rebuild the signal and the detection can be accomplished in the domain of the WT coefficients. The scales resulting in the highest contrast in experiments are selected as the optimal scales.
Further improvement might be achieved with optimized algorithm. For example, the mean value and variance of the correlation coefficients can be taken into account. There is a real-time potential for this technique as the development of ultrasound hardware and software.
